The study of protein-surface interactions is of great significance in the design of biomaterials and the evaluation of molecular processes in tissue engineering. The authors have used atomic force microscopy ͑AFM͒ to directly measure the force of attraction/adhesion of fibrinogen coated tips to mica surfaces and reveal the effect of the surrounding solution pH and ionic strength on this interaction. Silica colloid spheres were attached to the AFM cantilevers and, after plasma deposition of poly͑acrylic acid͒, fibrinogen molecules were covalently bound on them with the help of the cross-linker 1-ethyl-3-͑3-dimethylaminopropyl͒ carbodiimide hydrochloride ͑EDC͒ in the presence of N-hydroxysulfosuccinimide ͑sulfo-NHS͒. The measurements suggest that fibrinogen adsorption is controlled by the screening of electrostatic repulsion as the salt concentration increases from 15 to 150 mM, whereas at higher ionic strength ͑500 mM͒ the hydration forces and the compact molecular conformation become crucial, restricting adsorption. The protein attraction to the surface increases at the isoelectric point of fibrinogen ͑pH 5.8͒, compared with the physiological pH. At pH 3.5, apart from fibrinogen attraction to the surface, evidence of fibrinogen conformational changes is observed, as the pH and the ionic strength are set back and forth, and these changes may account for fibrinogen aggregation in the protein solution at this pH.
I. INTRODUCTION
Knowing the details of protein adsorption, although essential for biomaterials design, is quite a difficult task, since the adsorption process is controlled by various enthalpic and entropic processes. Enthalpic contributions stem from van der Waals forces, the overlap of electrical double layers, and hydrophobic interactions, 1 while entropic mechanisms involve dehydration of hydrophobic regions, conformational changes of the protein, and release after adsorption of coadsorbed ions in the layer separating protein and substrate. 2 It is obvious that protein adsorption depends on the charge distribution in both the specimen and the substrate as well as on the counterions in the adsorption solution. 3 Variations of the pH and the ionic strength could then regulate the adsorption driving forces and contribute to an understanding of their competitive role.
Several investigations of the effect of pH and ionic strength on protein adsorption have been reported in the literature: conformational differences have been observed with scanning electron microscopy 4, 5 and retained protein mass has been quantified with spectophotometry, 6 neutron reflection, 7 fluorescence spectroscopy, 8 or ellipsometry. 9 The invention and the widespread of the use of atomic force microscopy ͑AFM͒ initiated further a series of direct and accurate measurements of the interaction forces between modified tips and surfaces [10] [11] [12] [13] [14] [15] and this technique was soon exploited for the study of the influence of pH and ionic strength on the interaction between adsorbed protein layers. [16] [17] [18] [19] Atomic force spectroscopy is based on recording the deflection of a very sensitive cantilever, while it is approaching or being retracted from a surface. Deflection measurements can be easily transformed into force data using the spring constant of the cantilever and displayed as the relative probesurface separation distance. In cases where the measurement of the interaction between adsorbed protein layers is desired, the AFM probe is usually first modified with a micrometersized sphere. 20, 21 Attaching a colloid sphere to the cantilever helps overcome the problems due to variable tip geometry or sample coating inconsistencies and inhomogeneities. Besides, the larger radius, compared with that of a bare tip, allows smaller forces to be detected with higher sensitivity. 22 It should be mentioned, however, that the lateral resolution is reduced to a few micrometers.
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We have used such modified AFM probes to measure the interaction force between fibrinogen molecules, covalently bound on the colloid sphere, and mica surfaces at various pH and ionic strength conditions. For such experiments covalent binding is preferable over physi-sorption, because it assures stronger immobilization of the molecules to the sphere than the interfacial force being measured, 3, 23 and averts any misinterpretation of the measured detachment force. Following the hypothesis of Meagher et al., 19 we assume that the surface behavior of the immobilized fibrinogen layer reflects that of the protein in solution. When using a nonselective attachment method, via the lysine or primary amine groups, for example, the molecules may not be bound on the sphere in a unique orientation and, although they may expose inner epitopes after the immobilization, the measured forces can give an estimation of the average interaction of the protein in the solution with the surface. Moreover, it should be pointed out that protein adsorption on a surface is not directly related to the adhesion force. However, evidence 20 shows that there can be correlation between these two parameters.
Following this argument it is reasonable to juxtapose the protein-surface interaction forces, recorded in this set of experiments, with the results of our previous work. 24 In that study, AFM images of single fibrinogen molecules, adsorbed onto mica surfaces from buffers of different pH's and ionic strengths, were obtained and the surface coverage calculated in order to demonstrate the effect of solution conditions on protein adsorption.
Fibrinogen has been the object of both studies due to its significant role in plasma. Revealing the forces, which enhance or prevent its adsorption, will shed light into the mechanisms of the Vroman effect, 25 explain the adsorptioninduced polymerization into fibrin on surfaces, 26 and, finally, help estimate the viability of prosthetic biomaterials.
II. MATERIALS AND METHODS

A. Preparation of colloid probes
Triangular, 200-m-long, narrow legged Si 3 N 4 cantilevers ͑NP-S, Veeco Probes, Camarillo, CA, USA͒ were modified with single silica spheres ͑4.9Ϯ 0.5 m diameter, Duke Scientific Corporation, Fremont, CA͒. Prior to modification the probes were washed with acetone and their spring constants individually calibrated using the thermal method. 27, 28 An average value of 0.078Ϯ 0.008 N / m was calculated for a batch of 16 cantilevers with 0.06 N/m nominal spring constant. The colloid spheres were then attached to the cantilevers with Araldite Rapid Resin using the stage and the head of a Multimode AFM ͑Digital Instruments, Veeco, Santa Barbara, CA͒ as a micromanipulator. The attachment was confirmed by images obtained with a scanning electron microscope ͑Jeol JSM-6060, Japan͒ at 20 keV and 2400ϫ magnification.
B. Chemical modification of the colloid probes
The colloid probes were etched in an O 2 plasma for 5 min in a custom built plasma chamber and then coated with plasma polymerized acrylic acid. 29 For the deposition, the chamber was first pumped down to 25 mTorr and then acrylic acid vapor ͑Sigma-Aldrich, Dorset, U.K.͒, previously submitted to a freeze-pump-thaw cycle, was let in, until the pressure was stabilized at 300 mTorr. The power was turned on and set to 20 W for the time needed until a final polymer thickness of 40 nm was indicated by the quartz crystal microbalance fitted in the chamber. The modified probes were kept under vacuum in a desiccator until they were used. To check the plasma process, mica samples as well as glass coverslips ͑previously cleaned with piranha solution͒ were modified in parallel. These were used for AFM imaging with a Nanoscope IIIa Multimode ͑Digital Intruments, Veeco, Santa Barbara, CA͒ and contact angle measurements ͑Cam 200, KSV Inc., Helsinki, Finland͒.
C. Functionalization with fibrinogen
Fibrinogen molecules were covalently bound to the colloid probes after activation of the carboxyl groups on the surface of the poly͑acrylic acid͒ with 1-ethyl-3-͑3-dimethylaminopropyl͒-carbodiimide hydrochloride ͑EDC, Sigma Aldrich, Dorset, U.K.͒ and N-hydroxysulfosuccinimide ͑sulfo-NHS, Fluka, Dorset, U.K.͒ ͑Fig. 1͒. Sulfo-NHS is added in order to increase the stability of the ester intermediate, O-acylisourea, which otherwise would strongly hydrolyze, regenerating the carboxylate group. For the esterification reaction, the probes were immersed in PBS solution containing 6 mM EDC and 15 mM sulfo-NHS for 15 min. The pH of the reaction buffer was set to 6 in order to slow down the hydrolysis of the active ester formed. 30 After rinsing with PBS, they were immersed in a 10 g / ml fibrinogen solution ͑PBS pH 7.4͒ for 2 h, so that protein molecules could be immobilized on the surface of the colloid sphere by forming peptide bonds via their amino groups. Lyophilized fibrinogen was purchased from Sigma-Aldrich and used without further purification.
D. Force measurements
The measurements of the interaction force between the functionalized probes and freshly cleaved mica surfaces were carried out with a 1D molecular force probe ͑MFP-1D, Asylum Research, Santa Barbara, CA͒. Force curves were recorded in five different buffered solutions: 5 mM phosphate buffer was regulated with NaCl up to 15, 150, or 500 mM for varying ionic strength, at pH 7.4, or adjusted at pH 3.5, 5.8, or 7.4 for varying pH, at 150 mM ionic strength. The frequency of the approach/retraction cycle was 1 Hz and the velocity was approximately 800 nm/s. The measurements were repeated with five different tips and at least 100 curves were collected with each tip at each ionic strength or pH. The solutions were exchanged in random order to check for any irreversible effect on the adsorbed protein layer. Attention was also paid to ensure that the maximum force applied upon compression of the probe onto the surface did not to exceed 800 pN.
III. RESULTS AND DISCUSSION
A. Probe modification
Deposition of plasma polymerized poly͑acrylic acid͒ on the colloid probes was first examined by modification of mica and glass samples. Contact angle measurements acquired immediately after the plasma deposition showed an increase of contact angle on both substrates ͓79Ϯ 9.6°from 3 Ϯ 1.2°on mica, and 67Ϯ 5.0°from 22Ϯ 1.6°on glass coverslips ͑average values over three samples͔͒. The relatively high contact angles of poly͑acrylic acid͒ plasma coatings may be attributed to the extensive fragmentation of the starting monomer due to the high power used to assure crosslinking. 31 However, after 1 h incubation in PBS and drying under N 2 , the wettability of mica returned to the preplasma-treatment levels, whereas glass coverslips retained their acquired hydrophobicity.
AFM images of both materials in air displayed a granular topography, with surface features not higher than 4 nm, indicative of the polymer deposition ͓Figs. 2͑a͒ and 2͑b͔͒. Images acquired in PBS, however, showed that mica substrates regained their initial featureless and smooth appearance ͓Fig. 2͑c͔͒. In contrast, the glass substrate showed a moderate swelling ͓Fig. 2͑d͔͒. These observations may lead to the conclusion that poly͑acrylic acid͒ is not strongly cross-linked on the mica surface under the processing conditions used here 31 and dissolves away in the water solution, for which the cation exchange on the cleaved mica surface might also be responsible. 32, 33 Nonetheless, it has been shown that the glass coverslips can be effectively coated with the polymer. This enabled us to proceed with the functionalization of the silica colloid probes with fibrinogen considering, at the same time, any compressibility effects of the swelled polymer layer.
Interaction forces between the colloid probes and bare mica surfaces were recorded at both modification steps, i.e., after plasma deposition and after fibrinogen covalent binding with EDC and sulfo-NHS, to ensure that the spheres had been indeed functionalized with the protein and the measured forces result from the protein layer, and not the polymer, interacting with the surface. All the curves recorded with the plasma treated probes indicated no adhesion upon retraction ͓Fig. 3͑a͔͒. In contrast, the curves derived by using the fibrinogen-functionalized probes show detachment of the protein molecules from the surface, either as individuals or as part of a film ͓Fig. 3͑b͔͒. The possibility of concurrently stretching the protein and/or the underlying polymer layer cannot be excluded; however, it does not compromise the observed detachment event. Moreover. the polymer properties may contribute to the pH or ionic strength dependence of the probe interaction with the surface, but this effect must be limited because the majority of the charged groups on it, the carboxylic acids, are thought to be coupled with protein residues.
B. Force profiles upon approach with variation in ionic strength
Figure 4͑a͒ shows representative force curves recorded upon approach of a fibrinogen-coated probe to the mica surface in PBS ͑pH 7.4͒ at various ionic strengths. At 15 mM the force profile reveals repulsion at tip-surface separations smaller than 10 nm, assuming that the protein-solution interface lays at 6 nm ͑see below͒. This can be attributed to the electrostatic force between the protein layer and the mica, which is repulsive, for they are both negatively charged at pH 7.4. 34 As the ionic strength is increased to 150 mM, the probe is no longer repelled from the surface, but it is attracted by it. The increase of the NaCl concentration results in the reduction of the thickness of the diffusive double layers in both the protein layer and the mica surface, 35 so that the electrostatic repulsion is restricted in range and the van FIG. 2. AFM images of plasma deposited poly͑acrylic acid͒ on mica ͑a͒ and glass ͑b͒ in air. After immersion in PBS the polymer layer was washed from the mica surface ͑c͒, whereas it was swollen on the glass coverslip ͑d͒. All images were obtained with tapping mode ͑c and d in PBS͒, lateral scan size 1 ϫ 1 m 2 , z range 5 nm.
der Waals attraction becomes dominant at small probesurface separation distances. The dominance of van der Waals forces is not, however, maintained when the ionic strength is further increased. At 500 mM neither repulsion nor attraction is recorded as the probe is approaching the surface. There seems to be close agreement between the force profiles, recorded at the three ionic strengths, and the measurements of surface coverage of single fibrinogen molecules on the mica surface, quoted in our previous work. 24 We had found that fibrinogen adsorption is enhanced as the ionic strength is raised from 15 to 150 mM, an observation which is now justified by the conversion of the protein-surface interaction force from repulsive at 15 mM to attractive at 150 mM. At 500 mM the surface coverage was decreased and this reduction, which could not be explained by the double layer theory, was indirectly accounted for by the reduction of the effective protein concentration due to aggregation. The force measurements have supplied a more straightforward reasoning: no attraction is recorded any more between the protein and the surface. But the origin of the repulsive protein-surface interaction force, which shields the van der Waals attraction, has to be investigated.
Enhancement of steric repulsion 19, 36 at the higher salt concentration should not be expected, since screening of intraand intermolecular repulsions results in a more compact conformation of the protein molecules on the bound layer. 17 Therefore, steric interactions cannot be responsible for the force profile at the 500 mM. On the other hand, repulsive hydration forces between negatively charged surfaces may become significant at high salt concentrations, because of the high number of hydrated Na + ions trapped between them. 37 We have checked if this speculation applies in our case by fitting the DLVO ͑Derjaguin-Landau-Verwey-Overbeek͒ model to the experimental curves and incorporating an additional hydration term for the higher ionic strength. The DLVO theory 38 describes the interaction between two surfaces as a combination of electrostatic and van der Waals forces. 39 According to the boundary conditions taken into account, either of constant surface charge or constant surface potential, two solutions of the Poisson-Boltzmann equation can arise. 40 The real interaction force will lie between these two limits and likely closer to the constant-potential solution. 18, 19 An approximate expression can be otherwise used at low surface potentials ͑Ͻ25 mV͒ and provide results, which compare well to the solution of the constant FIG. 3 . Force curves collected upon approach ͑gray line͒ or retract ͑black line͒ of ͑a͒ a poly͑acrylic acid͒-coated probe and ͑b͒ a fibrinogen-coated probe, from a mica surface in 15 mM PBS ͑pH 7.4͒. The plasma treated probes indicate no adhesion upon retraction in contrast to the fibrinogenfunctionalized probes, which reveal unfolding of the protein molecules and/or the underlying polymer layer before detachment.
FIG. 4. ͑a͒
Interaction force vs separation, as measured upon approach of a fibrinogen coated probe to mica surface in 15 ͑b͒,150 ͑᭡͒, and 500 mM ͑͒ PBS ͑pH 7.4͒. ͑b͒ Theoretical curves, derived from the DLVO model, Eq. ͑3͒, fit the experimental curves: black line for 15 mM, gray line for 150 mM. ͑c͒ Fitting curve according to the same model for 500 mM ͑red line͒. Incorporation of the hydration term in Eq. ͑4͒ provided a better fit for the higher ionic strength ͑orange line͒. The vertical line is set at the protein-solution interface, i.e., at 6 nm. The experimental data have been fitted up to this distance, since beyond it the DLVO model is invalid due to the strong steric repulsions.
potential boundary conditions. For the interaction between the AFM probe and the mica surface this expression takes the form of the following equation: 22, 41 
with P and S being the surface charge densities of the probe and the surface, respectively, o being the permittivity of the vacuum, being the dielectric constant of the medium, R being the colloid sphere radius, A being the Hamaker constant, x being the probe-surface separation, and being the Debye length. The Debye length is a measure of the thickness of the diffusive electric double layer and correlates the ionic strength of the solution with the interaction forces according to the equation
where k is the Boltzmann constant, T is the absolute temperature, e is the electron charge, q i is the ionic valency, and c i is the concentration of the ith electrolyte component in the solution.
The force versus separation experimental curves have been positioned using the point of "hard wall contact" as the point of zero separation, i.e., the point at which the substrate and the probe start to move jointly. However, the probesurface contact may initiate earlier and a reasonable estimation of the distance due to the compression of the polymerprotein layer on the colloid sphere can be drawn from the point of first contact at the 150 mM curve ͓Fig. 4͑a͔͒, which occurs at around 6 nm. For the rest of the analysis, the protein-solution interface is assumed to lay 6 nm away from the compliance plane and this interface is regarded as the plane of origin of the DLVO forces, since beyond this point the steric repulsions become significant. Therefore, the variable x in Eq. ͑1͒ is replaced by the variable xЈ = x − d, where d = 6 nm and Eq. ͑1͒ is transformed to
The Hamaker constant has been assigned 18 the value 7.5 ϫ 10 −21 J ͑Ref. 18͒ and the P , S parameters have been optimized through the experimental data fitting using as initial inputs values suggested in the literature. 19, 35 It should be underlined that as the ionic strength is increased the surface charges of the mica and the protein layer remain constant and equal to −0.0046 and −0.0035 C / m 2 , respectively. The resultant theoretical curves are displayed in Figs. 4͑a͒ and 4͑b͒. The experimental data have been fitted up to the protein-solution interface, i.e., up to 6 nm separation. At the two lower ionic strengths ͑15 and 150 mM͒ the theoretical curves are closely fitted to the experimental data, although at very small separations the AFM cantilever cannot follow the deep attraction well due to its finite stiffness. 42 At the 500 mM the DLVO model fails to describe the protein-surface interaction. We thus rewrite Eq. ͑3͒ including an exponential term, which describes the hydration force, 40 so that the expression of the interaction force becomes
where C H is an empirical hydration constant and is the hydration force decay length.
The experimental data at 500 mM can now be closely fitted by Eq. ͑4͒ ͓Fig. 4͑c͔͒. The values assigned to the C H and fitting parameters ͑0.8 mN/m and 1.8 nm, respectively͒ are close to the ranges suggested in the literature, although the decay length seems to be rather large, when compared with the hydration radius of the Na + cations, which is 0.36 nm. 40 Protrusion of the protein molecules may be responsible for the extended range of the hydration repulsion. 16 Steric repulsions can be one reason for divergence between the experimental and the theoretical curves, at separations smaller than 2 nm, whether or not the hydration term is included, but there may be more reasons. The Hamaker constant at such separations is likely different than that determined for the bulk solution because of retardation phenomena or squeezing of cations between the two surfaces. However, the differences should not be significant and the power of the theoretical model to describe the measured forces at larger separations is not diminished, as it is otherwise proved by Fig. 4͑c͒. 
C. Detachment forces at different ionic strengths
To further investigate the ionic strength effect on fibrinogen interaction with surfaces, the retract traces of the force curves recorded in the above experiment were analyzed. Figure 5 shows one representative retraction curve for each salt concentration. At 15 and 150 mM detachment forces of approximately 1 nN were recorded whereas at 500 mM no adhesion to the substrate was found to occur. The elimination of protein-surface adhesion was systematically observed whenever the salt concentration was raised to 500 mM, irrespective of the sequence of the changes in pH or ionic strength, with one exception ͑pH 3.5͒ to be discussed later. These observations imply that at the highest salt concentra-FIG. 5. Force curves collected upon retraction of a fibrinogen coated probe from mica surface in 15, 150, and 500 mM PBS, adjusted with NaCl ͑pH 7.4͒. Protein adhesion to the mica surface, present at the two lower ionic strengths, disappears at 500 mM. The curves have been shifted vertically for clarity.
tion, where the electrostatic repulsions between the protein residues are screened, 4, 43 fibrinogen obtains a compact conformation, which prevents it from forming adhesive bonds with the mica surface. A similar effect was reported by Zhang et al., 16 who observed a decrease in vitronectin intermolecular adhesion force as the NaCl concentration was increased. We may conclude then that an excessive increase of salt in the protein solution inhibits adsorption not only via the hydration forces but also by altering the natural protein conformation and blocking binding sites.
It is important to note that the measured detachment forces do not reflect the long-term adsorption behavior, since the encounter time of the probe with the surface was of the order of tens of ms. Increased encounter times could probably reveal conformational adaptations of the protein on the surface.
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D. Influence of pH
The fibrinogen-surface interaction as a function of solution pH was investigated by recording force curves at pH 7.4, 5.8, and 3.5 while keeping the solution ionic strength constant at 150 mM. Due to the screening of the electrostatic forces at this salt concentration, which is close to that which occurs in physiological environments, 45 the DLVO model does not predict any significant difference in the approaching curves at the three pH's. The theoretical curves, drawn in Fig. 6 , according to the surface charge values listed in Table  I , almost overlap. The experimental data, on the other hand, revealed stronger attraction of the colloid probe to the surface at pH 5.8 and 3.5, compared with the physiological one, at separations smaller than 10 nm ͑Fig. 6͒. At pH 5.8, which is the isoelectric point ͑iep͒ of fibrinogen, and at pH 3.5, which is close to the iep of mica, 46 the interaction is expected to be more attractive than at pH 7.4. However, as it has been shown, the electrostatic forces are screened at the salt concentration used in this set of measurements, i.e., at 150 mM ͓Fig. 4͑a͔͒, and so their effect on probe-surface interaction is limited. We make the assumption, then, that hydration forces may again be responsible for the differences observed. Although not taken into consideration previously, when fitting the experimental curve at pH 7.4 and 150 mM with the DLVO formula, a slightly increased Na + concentration should be present at the neutral pH, compared with the lower pH's, resulting in an osmotic pressure repulsion and partial shielding of the van der Waals attraction. As the pH becomes more acidic and both surfaces are neutralized or get positively charged, hydration forces lose their significance, since the Cl − counterions are very weakly solvated ions. 40 As a result, the van der Waals attraction, possibly supported by the weak electrostatic attraction, appears in the experimental force curves.
We cannot, nevertheless, exclude the possibility that the theoretical curves fail to describe the experimental ones, because the former do not include an attractive electrostatic contribution. 47, 48 Such attraction occurs at small separations due to the surface charge reversion as ions are pushed back to the surfaces, since the surface potentials are assumed constant. This could be particularly true at pH 5.8 and 3.4, because at this pH the mica and the protein layer surfaces are less charged and thus the charge reversal is more probable.
The stronger attraction of the fibrinogen coated probe to the mica surface at pH 3.5 is in contradiction to our previous measurements of surface coverage of fibrinogen molecules, which showed a dramatic decrease of adsorption at the same pH. 24 In that study we also noticed some aggregates on the mica surface and then made the assumption that at pH 3.5 conformational changes, which result in protein aggregation, may occur. We tried to confirm this speculation by recording the protein adhesion to the surface, while the colloid probe was being withdrawn at the different pH's. Such retraction curves show strong detachment forces at all the pH's studied ͑Fig. 7͒. However, a rather interesting effect was observed when the conditions of the measurement buffer were changed in the following order: from 500 mM at pH 7.4 to 150 mM at pH 3.5 and then back to 500 mM at pH 7.4. Table I ͓͑छ -͒ for pH 7.4, ͑ϫ -͒ for pH 5.8, and ͑᭺ -͒ for pH 3.5͔. As already discussed, the increase of salt concentration to 500 mM resulted in an irreversible disappearance of fibrinogen adhesion to the surface. The only case, where adhesion was found to recover, was after changing the pH to 3.5 ͑Fig. 8͒. A likely explanation for this is that at this acidic pH the protein structure is altered with certain domains becoming exposed or detached. These domains could then adhere to the surface, even when the rest of the protein molecule shrinks in a compact form at high ionic strengths.
Details about fibrinogen structure can be found in Refs. 49 and 50. In brief, fibrinogen consists of two sets of three different polypeptide chains ͑␣, ␤, and ␥͒, which are intertwined and held together by disulfide bonds. The N-terminal regions of the six chains are folded into a globular central E domain, whereas the C-terminals of the ␤ and ␥ chains are folded into two pairs of homologous structures, which form the hydrophobic, negatively charged D outer domains. The C-terminal regions of the ␣ chains extend from the D domains and fold back beside the E domain. Fibrinogen polymerization into fibrin is catalyzed by thrombin, which removes the fibrinopeptides A and B from the amino terminal ends of the ␣ and ␤ chains, so that the latter can interact with the ␥ and ␤ lobes of the D domain, respectively. Several authors 5, 25 have suggested fibrinogen conformational changes at pH 3.5, with the C-terminal regions of the ␣ chains being detached from the central E domain of the molecule. These ␣C arms are positively charged 34, 51 and, therefore, when they become free from the E domain, they may readily interact with the negatively charged mica surface. On the other hand, they may play a crucial role in fibrinogen polymerization into fibrin, since their detachment from the central domain possibly leaves the fibrinopeptides A and B uncovered. These two effects may combine, driving to clot formation on surfaces. It is not surprising, then, that at pH 3.5 aggregates appear on the surface 24 and adsorption is limited by the decrease of the effective protein concentration.
IV. CONCLUSIONS
In this study, we have presented the interaction and detachment forces measured between fibrinogen-modified AFM probes and mica surfaces. The deposition of plasma polymerized poly͑acrylic acid͒ on silica colloid spheres, attached at the end of the cantilever, and the subsequent covalent binding of protein molecules have proved an efficient method for protein immobilization.
The force curves collected when the colloid probe approaches the surface at various ionic strengths at pH 7.4 have shown that at the two lower salt concentrations the proteinsurface interaction is controlled by the balance between the electrostatic repulsion and the van der Waals attraction. As the ionic strength was increased from 15 to 150 mM the electrostatic repulsion was screened and an attraction up to the contact point occurred. At 500 mM, however, the hydration forces become crucial, shielding the van der Waals attraction. At the same ionic strength, retraction curves revealed that fibrinogen obtains a compact conformation, which prevents it from attaching to the surface.
Concerning the pH, stronger attraction of the protein layer to the surface was recorded at pH 5.8 and 3.5 compared with the physiological one, mainly because the hydration forces lose their significance at the acidic pH's. Detachment force measurements infer that fibrinogen structure probably changes at pH 3.5 with the cleavage of the carboxylic ends of the ␣-chains from the central E domain. This conformational change may influence protein adsorption either by initiating aggregation or by enhancing the molecular interaction with negatively charged surfaces. The role of these arms needs further examination. AFM imaging of the in situ polymerization of native or ␣C terminal-deficient fibrinogen molecules could possibly reveal the exact contribution of these ends to the process of fibrin formation.
Using mica as a substrate for the measurements has shown that the biophysical behavior of intact proteins at interfaces can be estimated. Chemical modification of flat surfaces such as mica, silica, or graphite with self assembled monolayers could be the next step to approach a preactive determination of the biocompatibility of biomaterials.
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